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Inactivation of Numb and Numblike in Embryonic
Dorsal Forebrain Impairs Neurogenesis and
Disrupts Cortical Morphogenesis
into one of the daughter cells during asymmetric divi-
sion, ensures that the two daughters adopt different cell
fates (Uemura et al., 1989; Rhyu et al., 1994; Knoblich
et al., 1995; Spana et al., 1995). Molecular studies of
Numb homologs in vertebrates have identified two
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and in the adult brain (Verdi et al., 1999; Dho et al.,and Developmental Biology
1999). Moreover, Numb-PRRL promotes cell prolifera-University of Colorado
tion, whereas Numb-PRRS enhances differentiation inBoulder, Colorado 80309
cell culture (Verdi et al., 1999). Numb-PRRS but not
Numb-PRRL is capable of rescuing the numb mutant
phenotype in Drosophila (Zhong et al., 1996; Verdi et
al., 1996, 1999).Summary
Mouse Numb and Numblike have some redundant
functions (Petersen et al., 2002). Removal of numblikeNumb and Numblike, conserved homologs of Dro-
does not produce obvious mutant phenotypes exceptsophila Numb, have been implicated in cortical neuro-
for lower fertility in female mice (Petersen et al., 2002).genesis; however, analysis of their involvement in later
In contrast, removal of mouse numb causes severe de-stages of cortical development has been hampered
fects in cranial neural tube closure and lethality aroundby early lethality of double mutants in previous studies.
E11.5 (Zhong et al., 2000; Zilian et al., 2001). RemovalUsing Emx1IREScre to induce more restricted inactivation
of both numb and numblike results in lethality at E9.5of Numb in the dorsal forebrain of numblike null mice
and more widespread defects, reflecting redundantbeginning at E9.5, we have generated viable double
functions (Petersen et al., 2002). Mouse Numb may func-mutants that displayed striking brain defects. It was
tion not only in the nervous system but also in otherthus possible to examine neurogenesis during the later
tissues, as in the case of Drosophila Numb (Uemura etpeak phase (E12.5–E16.5). Loss of Numb and Numblike
al., 1989; Ruiz Gomez and Bate, 1997; Carmena et al.,in dorsal forebrain resulted in neural progenitor hyper-
1998). It is therefore likely that early embryonic lethalityproliferation, delayed cell cycle exit, impaired neuronal
could be due to the loss of mouse Numb functions indifferentiation, and concomitant defects in cortical
tissues other than the nervous system. One way to ex-morphogenesis. These findings reveal novel and es-
amine the functional involvement in neurogenesis is tosential function of Numb and Numblike during the peak
use the cre-loxP system to inactivate numb. In a previ-period of cortical neurogenesis. Further, these double
ous study using nestin promoter-driven cre transgenicmutant mice provide an unprecedented viable animal
mice, where nestin-cre is active in neural progenitorsmodel for severe brain malformations due to defects
and somites starting from E8.5, targeted inactivation ofin neural progenitor cells.
numb in nbl null mutant but not in wild-type background
caused depletion of founding progenitors and early
Introduction expansion of neurons, again revealing redundant func-
tions of these two genes (Petersen et al., 2002). How-
Mammalian neurogenesis begins with both symmetric ever, the near complete loss of founding neural progeni-
and asymmetric divisions of progenitor cells, thereby tors by E10.5 and the ensuing lethality of these double
generating a large number of different neurons and glia mutants around E11.5 precluded the study of Numb and
(McConnell, 1995; Anderson, 2001; Temple, 2001). Over Numblike functions during the peak phases (E12.5 and
the course of several days in the mouse neocortical E16.5) of neurogenesis.
primordium, progenitor cells undergo eleven cycles of In this study, we used Emx1IREScre (Gorski et al., 2002),
division to produce millions of cortical neurons whose which becomes active at E9.5, causing recombination to
migration leads to a laminar architecture (Takahashi et be complete at E12.5 in the dorsal forebrain, for targeted
al., 1999). Potentially important regulators of cortical inactivation of numb in mouse embryos. We found that
neurogenesis include homologs of Drosophila Numb Emx1IREScre-mediated inactivation of numb is compatible
(Zhong et al., 1996, 1997; Wakamatsu et al., 1999; Cay- with viability and fertility. Targeted inactivation of numb
ouette et al., 2001; Shen et al., 2002; Petersen et al., in dorsal forebrain of nbl homozygous null mutant mice
2002). caused behavioral abnormalities as well as severe corti-
Drosophila Numb, which is segregated preferentially cal dysplasia in the adult brain. To understand the etiol-
ogy leading to such profound cortical malformations,
we examined progenitor proliferation and neuronal dif-*Correspondence: ynjan@itsa.ucsf.edu
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ferentiation during embryonic development. Our study 1E, 1G, and 1H), while corpus callosum in the rostral
region was relatively normal (Figure 1K, arrow indicatesreveals crucial functions of Numb and Numblike in neu-
rogenesis and cortical morphogenesis and provides an the border between the rostral and caudal; arrowhead
points to corpus callosum). Numb protein was absentunprecedented model of viable mice with drastic corti-
cal disorganization, originating from aberrant prolifera- in the caudodorsal region (Figure 2K) but persisted in
the rostral region (data not shown). Thus, whereastion, apoptosis, and differentiation of neuronal progeni-
tor cells. Emx1IREScre induced recombination in the rostrodorsal
region as indicated by LacZ reporter (data not shown;
Gorski et al., 2002; Supplemental Figures S1B and S1DResults
at http://www.neuron.org/cgi/content/full/40/6/1105/
DC1), the numb chromosomal locus might not be asTargeted Inactivation of Mouse numb
accessible to Cre recombinase as in the caudodorsalin the Dorsal Forebrain
region. In the cortex, the most prominent phenotype isWe used the Emx1IREScre transgenic mice to target Emx1-
an overgrown caudodorsal neocortex and thinning ofexpressing cells (Gorski et al., 2002). Emx1IREScre initiates
the lateral cortex (Figures 1D and 1E, arrows indicatingrecombination in the dorsomedial region of the forebrain
the boundary between these two brain regions). In ex-at E9.5, as indicated by LacZ staining using the Rosa26R
treme cases, the caudodorsal region was nearly missing,reporter, expanding to the entire dorsal forebrain and
with just a thin layer of the cortex remaining with extremehippocampal primordia by E11.5 (Gorski et al., 2002;
ventricular enlargement (Figures 1G and 1H). The roughSupplemental Figure S1 at http://www.neuron.org/cgi/
ventricular surfaces in mutant brains are suggestive ofcontent/full/40/6/1105/DC1), and encompasses all pro-
the shedding of brain tissues into the ventricle. Shedliferating cells and postmitotic cells in the medial, dorsal,
tissues were occasionally found in the lateral ventriclesand lateral pallia by E12.5.
(data not shown). The hippocampus or hippocampus-Because conditional knockout of numb by Emx1IREScre
like structure was strikingly deformed (Figure 1K). Thereyielded viable and fertile mice with no detectable pheno-
was a discernible border between the relatively normaltypes (data not shown), we attempted to examine Numb
region in the rostral cortex, including the primary motorfunctions in the numblike null mutant. Although appar-
cortex, and the mutant region in the posterior cortex,ently healthy, homozygous numblike mutant females
including the primary somatosensory cortex (Figure 1K,showed decreased fertility. We therefore maintained ho-
arrow). The thalamus was slightly smaller in the mutantmozygous fnb mutant alleles on heterozygous nbl mu-
(Figure 1D), likely a secondary effect of cortical defects,tant background with or without the Emx1IREScre trans-
since Emx1IREScre is only sparsely expressed in the thala-gene to generate a sufficient number of double mutants.
mus. It is worth noting that the drastic cortical disorgani-Much to our surprise, double mutants of numb and
zation in the caudodorsal region is correlated with thenumblike were born to the Mendelian ratio of 1/8 (21/
early loss of Numb and Numblike.171). Most mutant mice were slightly smaller than their
The mutant cortex lacked a marginal zone and dis-littermates but were within the normal range of sizes
played no discernible laminar structures (Figures 1F andand survived to adulthood (16/21; Supplemental Movie
1I) but contained numerous cell clusters (heterotopia)S1 at http://www.neuron.org/cgi/content/full/40/6/1105/
(Figures 1F and 1I, arrowheads). Golgi staining did notDC1; the right circling one is the double mutant, and
reveal neurons with typical pyramidal morphology orthe other one is a littermate of homozygous floxed numb
spine-rich dendrites (data not shown). Type II multiden-and heterozygous numblike without Cre). In rare cases,
dritic neurons, normally located in layer I, were distrib-they reached only about one-third the size of their lit-
uted all over the mutant cortex (Figure 1M, arrowheads).termates and died early, between P5 and P21 (5/21).
These grossly abnormal brain morphologies are reminis-Besides the size differences, the mutants did not exhibit
cent of some human brain malformation with corticalobvious external anatomical abnormalities. Those mu-
dysplasia, heterotopia, and agenesis of the corpus callo-tants that survived to adulthood (16/21) appeared to
sum (Walsh, 1999).have normal life span but were solitary and jittery and
exhibited sporadic seizures, and 25% of the mutants
displayed circling behavior with hypersensitivity to Defects in Cortical Morphogenesis in the numb
sound stimuli (Supplemental Movie S1). In addition, dou- and numblike Double Mutant
ble mutant males and females were infertile (data not Profound cortical disorganization implicates severe de-
shown). As described below, we found substantial ana- velopmental defects. At E10.5, the neuroepithelium in
tomical and developmental defects in the brain of the the dorsal forebrain was noticeably undulating (data not
nbl null mice with numb inactivated by Emx1IREScre (the shown). By E12.5, it consistently exhibited undulating,
double mutant) but not in any other allelic combination folding, and invaginating (Figures 2B and 2D), with
(Figure 1 and data not shown). clumps of cells pealing into the lateral ventricle from the
apical surface of the cortical ventricular zone (Figure
2B, arrowhead; Supplemental Figure S3B, arrow [http://Cortical Disorganization in Adult numb
and numblike Double Mutant Animals www.neuron.org/cgi/content/full/40/6/1105/DC1]).
Normally, following symmetric division of founderLoss of Numb and Numblike in the embryonic neuroepi-
thelium caused profound pathological changes in the neural progenitor cells in the early phase between E8.5
and E10.5, progenitors divide asymmetrically to gener-adult. Nissl staining of double mutant brains revealed
extensive ventricular enlargement with no identifiable ate one neuron and one neural progenitor cell in a stem
cell-like mode in the late phase beginning from E12.5,corpus callosum in the caudodorsal region (Figures 1D,
Role of Numb and Numblike in Cortical Neurogenesis
1107
Figure 1. Cortical Disorganization in the
numb and numblike Double Mutant Brain
Fresh frozen sections were stained with Nissl.
(A–I) Coronal sections (20 m) of P22 brain.
(A), (D), and (G) show sections through the
plane of retrosplenial granular cortex, so-
matosensory cortex of trunk region and barrel
field, secondary somatosensory cortex and
ectorhinal cortex, and the hippocampal CA1,
CA2, and CA3. (B), (E), and (H) show sections
through the cortical plane of retrosplenial
granular cortex, secondary visual cortex, pri-
mary visual cortex, secondary auditory cor-
tex, and primary auditory cortex, and the CA1,
CA2, and CA3 of the hippocampus. Arrows
in (D) and (E) point to the boundary between
aberrant region and relatively normal region.
Arrowheads in (F) and (I) point to the hetero-
topia. (J and K) Parasagittal sections (30 m)
of adult brains through olfactory bulb, frontal
association cortex, secondary motor cortex,
primary motor cortex, primary somatosen-
sory cortex of trunk region, lateral parietal
cortex, secondary visual cortex, retrosplenial
agranular cortex, and the subiculum, CA1,
CA2, CA3, and dentate gyrus of the hippo-
campus. Anterior on the right. Arrows in (K)
point to a boundary between primary motor
cortex (M1) and primary somatosensory cor-
tex. Arrowheads in (A), (J), and (K) mark cor-
pus callosum. H, hippocampus; Th, thalamus;
M1, primary motor cortex. (L and M) Golgi
staining of adult cortex. Arrowheads point
to the basket neuron (type II multidendritic
neuron).
peaking around E15.5, and subsiding after E17.5 (Ander- the dorsal cortex were formed by cells with reduced or
abolished levels of Numb protein (Figure 2K) comparedson, 2001; Temple, 2001; Bayer and Altman, 1991).
These newly born neurons migrate away from the ven- to wild-type control (Figure 2I). Numb antibody staining
of these rosettes was comparable to background levelstricular zone to generate the cortical mantle (Figures 2E
and 2G). By contrast, cellular rosettes formed via fusion in controls using Numb antibody preabsorbed with
Numb peptide (Figures 2L and 2J) or controls treatedof the double mutant neuroepithelium at E12.5 (Figures
2B and 2D; Supplemental Figures S2B–S2F, S3B, S3D, with secondary and tertiary antibodies but not Numb
antibody (data not shown). Deletion of the Numb PTBS3F, S3H, S3J, and S3L [http://www.neuron.org/cgi/
content/full/40/6/1105/DC1]) and were widespread by domain by Emx1IREScre was further confirmed by genotyp-
ing the E14.5 mutant regions and neurospheres derivedE14.5 (Figures 2F and 2H, sagittal sections). Abnormal
morphogenesis was highlighted by immunostaining of from the E13.5 mutant region (data not shown). These
data demonstrate that Numb and Numblike are requiredthe apical markers F-actin, N-Cadherin, and -catenin
(Supplemental Figures S2 and S3). These rosettes within for normal cortical morphogenesis.
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Abnormal Clustering of Neurogenic Foci within
Developing Cortex of Double Mutant Embryos
To test the possibility that progenitor cell defects con-
tributed to abnormal cortical morphogenesis, we used
anti-Nestin antibody as a marker for neural progenitor
cells and counterstained embryonic brain section with
the nuclear marker propidium iodide (PI). In early stages,
Nestin-positive cells extended their leading processes
to the pial surface in an orderly manner in wild-type
embryos (E12.5 shown in Figures 3A, 3C, and 3E). Start-
ing from E10.5 with invagination and folding (data not
shown), Nestin-positive progenitor cells in the mutant
showed very little radial organization; instead of exten-
sion from the apical to the pial surface, their processes
projected in all directions as the progenitor cells began
to show early signs of clustering (Figures 3B, 3D, and 3F).
As development proceeds, Nestin-positive neural pro-
genitor cells are confined in the wild-type ventricular
zone as newly born neurons migrate to the outer layer
of the cortex (Figures 3G, 3I, and 3K). In contrast, the
double mutant neural progenitor cells were organized
into multiple clusters of neurogenic foci across the cor-
tex (Figures 3H, 3J, and 3L), most likely corresponding
to the cellular rosettes revealed by Nissl staining (Fig-
ures 2D, 2F, and 2H). Such neurogenic foci already
emerged by E12.5 (Supplemental Figures S4D, S4F,
S4G, and S4I at http://www.neuron.org/cgi/content/full/
40/6/1105/DC1) and fully blossomed by E13.5. The na-
ture of neurogenic foci was confirmed by in situ hybrid-
ization of two other neural progenitor markers: Hes1 and
Hes5 (Figures 3N and 3P) (Ohtsuka et al., 2001; Chenn
and Walsh, 2002). The relatively intact architecture of
the dorsal forebrain just beyond the initial expression
of Emx1IREScre (Figure 3H, arrowhead; Figures 3N and 3P,
arrow; marking the border) provides internal control and
suggests that the effect of Numb and Numblike inactiva-
tion is mostly restricted to where the Cre is initially ex-
pressed.
Perturbation of Neural Progenitor Cell
Proliferation in the Caudodorsal Forebrain
of the Double Mutant Embryos
To ask whether the mutant neural progenitor cells accu-
mulate due to hyperproliferation and/or delayed differ-
entiation, we performed BrdU labeling from E11.5 to
E16.5 and consistently observed an increase in BrdU-
labeled cells throughout this period (Figure 4B: E14.5,
Figure 2. Defects in Cortical Morphogenesis of Embryos Lacking
30 min labeling; Figure 4H: E15.5, 24 hr after BrdU label-Numb and Numblike
ing; with roughly one additional cell division compared
Nissl staining of paraffin-embedded sagittal sections (10 m) of
to Figure 4B). We chose to quantify BrdU labeling atE12.5 brain (A–D); sagittal cryostat sections (20 m) of E14.5 brain
E14.5 (peak neurogenesis) because the Emx1IREScre-(E–H). The region shown between arrows in (B), (D), and (F) lacking
Numb due to recombination shows defects in contrast to relatively mediated recombination is complete by E12.5 (Gorski
normal anterior region. Arrowhead in (B) points to shedding tissues, et al., 2002), and any residual Numb protein was de-
widespread phenotypes throughout developmental stage and post- graded by E14.5 (Numb immunoreactivity undetectable).
natal stage (P5) examined. Arrow in (H) points to cellular rosette. The BrdU labeling index, the number of BrdU-labeled
Differentiated layers (CP and IZ) in (E) and (G) unidentifiable in (F)
cells divided by the total number of cells, was greaterand (H). Anterior to the right for the sagittal sections. BF, basal
in the double mutant (28%  5.6%; 500 BrdU-labeledforebrain; CP, cortical plate; H, hippocampus; IZ, intermediate zone;
NE, neuroepithelium; VZ, ventricular zone. (I–L) Numb antibody cells/1800 total cells/40 optical view) than in the wild-
staining of the sagittal cryostat sections (20 m) of paraformalde-
hyde-fixed brains from E15.5 embryos. Similar results were obtained
for E14.5 embryos. (I and J) Wild-type; (K and L) mutant. Numb
antibody staining was performed according to Zhong et al. (1996), staining of the apical neuroepithelium. Arrow in (K) shows back-
counterstained with Nissl. Image processing was strictly identical ground level staining comparable with Numb peptide blocking con-
between wild-type and mutant. Arrow in (I) shows Numb antibody trol (arrows in [J] and [L]).
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Figure 3. Ectopic Neurogenic Rosettes in the Cortex Lacking Numb and Numblike
Immunofluorescence staining for Nestin-neural progenitor marker on paraffin-embedded sagittal sections (10 m) of E12.5 (A–F) and E16.5
brain (G–L). Nuclei were counterstained with propidium iodide (PI). Anterior to the right. Arrow in (B) points to the sharp boundary between
defective region and relatively normal rostral region. Arrows in (D) and (F) point to invaginated neural progenitor cells. Arrows in (H), (J), and
(L) point to neurogenic cellular rosettes. BF, basal forebrain; CP, cortical plate; H, hippocampus; IZ, intermediate zone; SZ, subventricular
zone; VZ, ventricular zone. In situ hybridization of Hes1 and Hes5 on sagittal fresh frozen sections (20 m) of E13.5 embryos (M–P). Arrows
in (M) and (O) point to ventricular zones containing neural progenitor cells. Arrowheads in (N) and (P) show Hes1 and Hes5 positive neural
progenitor cells in the cellular rosettes. Arrows in (N) and (P) mark the border between the rostral forebrain and caudal forebrain.
type (12%  1.7%; 146 BrdU-labeled cells/1185 total arrowhead in Figure 4F, E14.5), whereas mitotic cells
were restricted to the apical lumen in wild-type (Figurescells/40 optical view) (p  0.001) at E14.5 (Figures 4B
and 4K) (the actual index of S phase cells may be higher 4C and 4E). Mitotic cells were also more numerous in
mutant cortex. At E12.5, the mutant cortex had 9.0% due to the inclusion of differentiated cells into this for-
mula). In wild-type cortex, BrdU labeled neural progeni- 1% mitotic cells (95 H3-positive cells/1068 total cells/
40 optical view) compared to 6.1%  0.45% (42 H3-tor cells in the periventricular zone at E14.5 and both
the periventricular and paraventricular zones at E15.5 positive cells/686 total cells/40 optical view) in the
wild-type (Figure 4L; p  0.005). At E14.5, the mutant(Figures 4A, 4G, and 4I, arrows). In contrast, BrdU la-
beled cells in rosettes across the entire mutant cortex at cortex had 4.6%  0.18% (66 H3-positive cells/1422
total cells/40 optical view) as compared to 2.3% E14.5 and E15.5 (Figures 4B, 4H, and 4J). Furthermore,
double mutant embryos contained mitotic cells (stained 0.5% (29 H3-positive cells/1289 total cells/40 optical
view) in the wild-type (p 0.001) (Figure 4L). The exces-by phosphorylated histone H3 antibody: H3) throughout
the developing cortex, surrounding the lumen of the sive neural progenitor cell proliferation is further sup-
ported by clonal density proliferation analysis, whichectopic neurogenic foci (arrow in Figure 4D, E12.5; and
Neuron
1110
Figure 4. Aberrant Neural Progenitor Cell Proliferation in the Mutant Brain
(A and B) BrdU immunofluorescence staining of BrdU pulse (30 min) labeled paraffin-embedded coronal sections (10 m) of E14.5 brain
colabeled with nuclear marker propidium iodide (PI). Arrow in (A) points to a distinct BrdU-labeled layer in the paraventricular zone of wild-
type brain section. Arrow in (B) points to the boundary between the defective dorsal neocortex and the relatively normal lateral cortex. BrdU-
labeled S phase cells are increased by 2-fold in the mutant (KO) (K).
(C, D, E, and F) Immunofluorescence staining of mitotic marker phosphorylated Histone3 (H3) on frozen sections (20 m; E12.5) and paraffin-
embedded coronal sections (10 m; E14.5) of embryonic brain colabeled with PI. Arrows in (C) and (E) point to mitotic cells at the apical
lumen. In contrast, mitotic cells were distributed across the cortex (D), concentrated around the ectopic lumen of neurogenic rosettes (arrow
in [D] and arrowhead in [F]).
(G, H, I, and J) Immunofluorescence staining of BrdU (green) and cell cycle marker Ki67 (red) (staining all phases of cell cycle except G0)
paraffin-embedded coronal sections (10 m) of E15.5 brain 24 hr after BrdU injection of pregnant mice at E14.5 (according to Chenn and
Walsh, 2002). Cells colabeled with BrdU and Ki67 (yellow; arrows in [H] and [J]) remain in cell cycle. Arrows in (G) and (I) point to a distinct
layer of BrdU-only cells just outside the ventricular zone in the wild-type. In the mutant (H) and (J), BrdU-only cells were intermingled with
other cells. There were more BrdU-only cells exiting cell cycle in wild-type than in the mutant, as indicated by the cell cycle exit index (M).
CP, cortical plate; H, hippocampus; VZ, ventricular zone.
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shows increases in BrdU labeling in the double mutant neuronal differentiation, we first used antibody to the
early neuronal marker Tuj1--tubulin III and found a re-(BrdU cells/total cells: day 1, 508/1067, 47.6%; day 2,
duction of Tuj1-positive cells in the double mutant at1223/1370, 89.3%) compared to the wild-type (BrdU
E11.5 compared to wild-type (data not shown). In E12.5cells/total cells: day 1, 232/851, 27.3%; day 2, 944/121,
wild-type neuroepithelium, Tuj1-positive neurons lined78%). Taken together, our results indicate that neural
up along the pial surface (Figures 5Aa and 5Ac; Supple-progenitor cell proliferation increased drastically in the
mental Figures S4B and S4C at http://www.neuron.org/mutant region without Numb and Numblike.
cgi/content/full/40/6/1105/DC1). In contrast, the mutantTo test whether increased cell proliferation is due to
neuroepithelium contained many fewer neurons (Figuresneural progenitor cells reentering into the cell cycle in-
5Ab and 5Ad; Supplemental Figures S4E, S4F, S4H, andstead of exiting the cell cycle and differentiating or re-
S4I), some misplaced at the apical surface facing themaining dormant, we double stained embryonic brain
ventricle or the ectopic lumen (Figures 5Ab and 5Adsections with anti-BrdU and Ki67 antibodies (Ki67 anti-
and Supplemental Figures S4E, S4F, S4H, and S4I). Inbody recognizes cells active in the cell cycle) 24 hr after
contrast to the reduced and misplaced neurons in thea single pulse of BrdU injected at E14.5 (Chenn and
caudodorsal forebrain lacking Numb function, Tuj1-pos-Walsh, 2002). Neural progenitor cells would have under-
itive neurons were located normally along the pial sur-gone one round of cell division 1 day after BrdU injection.
face in the rostral forebrain (Figure 5Ab, arrow on theIn wild-type embryos, Ki67 and BrdU double-labeled
right). Neuron number, although reduced in the mutant,progenitor cells in the cell cycle lined the ventricular
steadily increased as development proceeded (Supple-zone (Figures 4G and 4I) and the subventricular zone
mental Figure S4O, arrow; Supplemental Figures S5B(Figure 4G). Those progenies of BrdU-labeled progenitor
and S5F). Next, we used antibody NeuN to stain neuronalcells that had differentiated or remained dormant were
nuclei in brain sections and quantified the number oflabeled only by BrdU but not Ki67 antibody (Figures 4G
neurons versus the total cell population at E14.5 (Sup-and 4I, arrows). The cell cycle exit index, the number of
plemental Figure S5). Wild-type brain sections containBrdU-only cells divided by total BrdU cells, including
22.94% 5.58% NeuN-positive neurons (721/3164/sec-BrdU; Ki67 and BrdU; Ki67, was used to evaluate
tion) versus 11% 1.82% (570/5117/section) in the dou-the extent of cell cycle exit. Whereas wild-type brain
ble mutant, revealing a 50% reduction in mutant (p sections contained 48%  5.4% BrdU-only cells (289
0.001) (Supplemental Figure S5). This result was furtherBrdU; Ki67 cells/598 BrdU cells/40 optical view),
supported by immunostaining of acutely dissociateddouble mutant brain sections contained 26%  6.4%
E14.5 cortical cells with the neural progenitor marker(230 BrdU; Ki67 cells/854 BrdU cells/40 optical
LeX (Capela and Temple, 2002) and neuronal markerview) (p  0.001), reflecting an approximately 50% re-
Tuj1, which showed a significant increase in the numberduction of progenitor cells exiting the cell cycle (Figure
of progenitor cells and a decrease in the number of4M). A compromised ability of neural progenitor cells to
neurons in the double mutant (792 progenitors/1143 to-exit the cell cycle was also evident from BrdU dilution
tal cells, 69.29%; 218 neurons/1143 total cells, 19.07%)experiments. Pregnant mice bearing embryos at E13.5
compared to wild-type (286 progenitors/786 total cells,or E16.5 were injected with a single pulse of BrdU. Their
40.4%; 220 neurons/786 total cells, 31.07%). Our resultspups were fixed right after birth (P0) or at postnatal day
thus indicate that neuronal differentiation was impaired2 (P2). Cells that had undergone many more rounds of
in the double mutant.divisions after taking up BrdU would have the BrdU label
We further examined the expression of various mark-diluted to a greater extent among their progeny cells.
ers for neuronal subtypes at different stages. Cajal-Ret-Compared to wild-type brains, double mutant brains
zius (CR) neurons are the earliest born neurons in thecontained many fewer intensely labeled cells but far
cortical neuroepithelium and are essential for the forma-more diffusely labeled cells. As a consequence of the
tion of cortical laminar cytoarchitecture. In situ hybrid-
overproliferation of neural progenitor cells in the double
ization of mutant brains with the Reelin RNA probe for
mutant cortex, the volume of ten consecutive sections
CR cells revealed that CR cells were displaced from
of the mutant cortex starting from the midsagittal plane the normal location in the outer layer of the neocortex
increased by 31.6% at E13.5 (mutant, 1.5  106 m3; (Figures 5Ba and 5Bc, arrow) to the ectopic sites across
wild-type, 1.14 106 m3; 40 m/section) and by 47.1% the cortex (Figures 5Bb and 5Bd). Some of them were
at E15.5 (mutant, 0.75  106m3; wild-type, 0.51  106 even located close to the apical surface lining the ventri-
m3; 7 m/section). cle (Figure 5Bd, arrow). Thus, displaced CR cells may
Taken together, abnormal morphogenesis likely arose be partly responsible for the disrupted laminar structure
from a combination of increased neural progenitor cells, in the adult mutant cortex. A reduction in the number
possibly reduced neuronal differentiation, and disrupted of mature neurons later in the double mutant animal
integrity of neuroepithelium in the double mutant cortex. was revealed by reduced expression of ER81, an ETS
Numb and Numblike thus appear to be essential regula- transcription factor expressed in subtypes of motoneu-
tors for cortical morphogenesis by controlling the prolif- rons and layer V neurons in the cortex (Figure 5C) (Lin
eration and possibly differentiation of neural progeni- et al., 1998; Xu et al., 2000), and OTX1, a homeodomain
tor cells. transcription factor expressed in a subtype of layer V
neurons (Figure 5D) (Frantz et al., 1994; Xu et al., 2000).
Impaired Neuronal Differentiation in numb Compared to wild-type postnatal day 3 (P3) animals
and numblike Double Mutant (Figure 5Ca), the numb and numblike double knockout
To see whether increased neural progenitor cell prolifer- cortex contained very few ER81-positive neurons (Fig-
ure 5Cb). Likewise, there was a drastic reduction ofation and delayed cell cycle exit might have impacted
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Figure 5. Impaired Neuronal Differentiation in the Double Mutant Brain
(A) Immunostaining of panneuronal marker -tubulin III antibody Tuj1 counterstained with Nissl of paraffin-embedded sagittal sections (10
m) of E12.5 brain. Anterior to the right. Arrows in (Aa) and (Ac) point to a distinct layer of differentiated neurons in wild-type. In contrast,
only a few of the neurons were detected in the convoluted neuroepithelium between arrows in (Ab). Strikingly, a few neurons were located
inside the neuroepithelium and at the apical surface of the neuroepithelium. BF, basal forebrain; H, hippocampus; NE, neuroepithelium.
(B) Reelin in situ hybridization on cryostat sagittal sections (20 m) of E13.5 brain. Anterior to the right. Arrows in (Ba) and (Bc) point to a
distinct layer of Cajal-Retzius (CR) cells in wild-type. CR cells were dislocated in the mutant (Bb and Bd). Arrow in (Bb) points to the boundary
between the mutant region and the relative normal rostral region. BF, basal forebrain; H, hippocampus; NE, neuroepithelium.
(C) Immunofluorescence staining of layer V and layer VI marker ER81 on floating slice of P3 brain (30 m). Arrow in (Ca) points to numerous
ER81-positive neurons in wild-type. The mutant contains few ER81-positive neurons (Cb).
(D) Immunofluorescence staining of a layer V marker Oxt1 on adult brain sections (30 m). Arrow in (Da) points to OTX1-positive neurons in
wild-type. OTX1-positive neurons are rare or absent in the mutant region (Db).
OTX1-positive neurons in the double knockout brains formed double labeling of TUNEL together with antibodies
to either Nestin or Tuj1 on E14.5 cortical sections (Figureat 6 months of age (Figures 5Da and 5Db). Thus, there
was marked reduction of a variety of neurons in the 6B). TUNEL-positive signals were most intense within
the Nestin-positive progenitor cell population (Figuresdouble mutant cortex.
6Ba and 6Bc) and in the vicinity of Tuj1-positive popula-
tions (Figures 6Bb and 6Bd). Cell culture from doubleIncreased Apoptosis in numb and numblike
Double Mutant Dorsal Forebrain mutant also showed increased cell death (DIV1, wt: total
cells 1623, 7.15% TUNEL, KO: 2955, 12.59% TUNEL;during Development
To examine the relative levels of apoptosis in mutant DIV4, wt: 1321, 9.08% TUNEL, KO: 1151, 27.11% TU-
NEL). Taken together, these data suggest that in-and wild-type brains, we first looked at TUNEL staining
of E14.5 embryonic brain sections. In wild-type em- creased cell death may contribute to the loss of mature
neurons in the postnatal and adult mutant animals.bryos, TUNEL-positive cells in the cortex accounted for
1% 0.16% of total cells (14 TUNEL-positive cells/1334
total cells/40 optical view) (Figures 6Aa and 6Ac). In Abnormal Cell Division Pattern of Neural
Progenitor Cells of numb and numblikethe double knockout mutants (Figures 6Ab and 6Ad),
TUNEL-positive cells accounted for 6% 1.64% of total Double Mutants In Vitro
Does the cortical neurogenesis phenotype in numb andcells (84 TUNEL-positive cells/1364 total cells/40 opti-
cal view) in the cortex, demonstrating a significant in- numblike double mutant result from abnormal asymmet-
ric cell division of neural progenitor cells? To addresscrease in the number of apoptotic cells. We also per-
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this question in vivo, ideally one would like to be able
to follow the fate of the two daughters of dividing pro-
genitors in developing cortex in normal and mutant ani-
mals. Such a technically demanding experiment has not
yet been feasible. We therefore examined this issue by
following the fate of the progenies of individual dissoci-
ated neural progenitor cells (Shen et al., 2002). Those
neural progenitor cells divide in one of three modes of
cell division: P/P mode—one progenitor giving rise to
two daughter progenitors; N/N mode—one progenitor
giving rise to two daughter neurons; P/N mode—one
progenitor giving rise to one daughter progenitor and
one daughter neuron (Figure 7Ab; Shen et al., 2002). As
diagramed in Figure 7Aa, the equivalent regions of dor-
sal cortex from double mutants and wild-type littermates
were dissected out and dissociated into single cells.
Those single cells were then followed and stained with
markers specific for progenitors (LeX antibody) or neu-
rons (-tubulin III antibody) as described previously
(Shen et al., 2002; Figure 7Ab). We found that there is
a marked shift of the mode of division of progenitors
from double mutant as compared to the control lit-
termate (Figure 7B). For control E13.5 progenitor cells,
the percentage of P/P, P/N, and N/N mode of division
is 30.5%, 18.9%, and 50.6%, respectively. In contrast,
for mutant E13.5 progenitor cells, the percentage of P/P,
P/N, and N/N mode of division becomes 64.4%, 6.9%,
and 28.2%, respectively (Figure 7B). Similar results were
obtained from E14.5 embryos (Figure 7B). The marked
increase of the P/P mode of division of the mutant pro-
genitor cells in vitro (Figure 7C) is consistent with the
hyperproliferation of mutant progenitors observed in
vivo, suggesting that defects in asymmetric cell divi-
sions in numb and numblike double mutant contribute
to the defects in cortical neurogenesis.
Discussion
To examine the functional requirement of mouse Numb
and Numblike, both expressed in progenitors of the cen-
tral nervous system during embryogenesis, we used
Emx1IREScre to inactivate numb in nbl null mice specifically
in the dorsal forebrain starting from E9.5. Whereas Nes-
tin-Cre-driven numb inactivation in nbl null mice starting
at E8.5 caused near complete depletion of neural pro-
genitors and subsequent embryonic lethality at around
Figure 6. Increased Apoptosis of Neural Progenitors in the Double E11.5 (Petersen et al., 2002), the Emx1IREScre-mediated
Mutant Dorsal Forebrain numb and numblike double mutants were viable. Given
(A) TUNEL staining (green) of paraffin-embedded coronal sections their seemingly mild behavioral abnormalities, it was
(10 m) of E14.5 brain colabeled with propidium iodide (PI) (red). very surprising to find large cavities in the adult brains,
Apoptotic cells (arrow in [Aa] and [Ab]) are more numerous in mutant with a near total loss of specific neuronal types in the
(Ab and Ad) than in the wild-type (Aa and Ac). Apoptotic cells were
caudodorsal brain regions. The embryonic mutant cor-often located in the periphery of cellular rosettes (Ad).
tex exhibited extensive undulation, folding, fusion and(B) Double labeling of Nestin (neural progenitor)/Tuj1 (immature and
formation of neurogenic cellular rosettes, and sheddingmature neuron) antibody (red) and TUNEL (green) of paraffin-embed-
ded coronal sections (10 m) of E15.5 brain. TUNEL-positive cells of cell clumps into the ventricle. These phenotypes
were evidently wrapped in Nestin-positive fiber (arrow in [Ba] and were accompanied by increased proliferation and apo-
[Bc]). Many of them were located at the periphery of ectopic neuro- ptosis of neural progenitors and reduced neuronal
genic rosettes. TUNEL-positive cells were mostly localized outside
differentiation during the later phase of neurogenesis.the border of Tuj1-positive regions (arrowhead in [Bd]), except for
The remarkable difference between the Nestin-Cre anda few within Tuj1-positive fiber nests (arrow in [Bd]). VZ, ventricu-
the Emx1IREScre-induced double mutants indicates thatlar zone.
progenitors at different developmental stages might
have different requirements for Numb and Numblike.
Another possible explanation for the different mutant
Neuron
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Figure 7. In Vitro Pair-Cell Analysis
(Aa) The caudodorsal regions of cortex
(boxed) were dissected out for clonal cell cul-
ture. (Ab) Upper panels show phase contrast
images of pairs of cells, each generated from
a single cell 24 hr after plating. Lower panels
show double staining with neural progenitor
cell marker LeX antibody (green) and neu-
ronal marker -tubulin III antibody (red).
(B) Results from pair-cell analysis.
(C) Summary of the results for pair-cell analy-
sis. For progenitor cells isolated from either
E13.5 or E14.5 double mutant embryos, pro-
genitor/neuron asymmetric cell divisions and
neuron/neuron cell divisions were reduced,
whereas progenitor/progenitor cell divisions
were increased.
phenotypes is a potential inhibition of progenitor prolif- neuron in a stem cell-like mode (Takahashi et al., 1999;
Qian et al., 1997, 2000; Shen et al., 2002; Anderson,eration by neurons. As discussed below, these two pos-
sibilities are not mutually exclusive nor are they the only 2001; Temple, 2001). Loss of both mouse Numb and
Numblike in neural progenitors starting at E8.5 de-conceivable explanations.
During development, there are two phases of neu- creased neural progenitor cell proliferation and increased
neuronal production. These double mutants derivedrogesis in mice: the first phase lasts from E8.5 to E10.5,
and the second phase commences around E12.5, reaches from Nestin-Cre-driven recombination soon become de-
pleted of neural progenitors and die as early embryosthe peak by E15.5, and then diminishes by E17.5 (Bayer
and Altman, 1991; Takahashi et al., 1999; Temple, 2001). before the second phase of neurogenesis begins (Pet-
ersen et al., 2002), suggesting that Numb and NumblikeIn the first phase, neural progenitor cells are columnar,
connecting the pial surface and the apical surface, and may be required to promote the differentiation of neu-
roectodermal cells to the founder neural progenitor cellspredominantly undergo symmetric cell division to rap-
idly expand the founder progenitor cell pools (Anderson, or maintain the founder neural progenitor cells and in-
hibit premature neuronal differentiation. In contrast, re-2001; Temple, 2001). In the second phase, neural pro-
genitors in the pseudostratified neuroepithelium pre- moving both mouse Numb and Numblike from the dorsal
forebrain starting from E9.5 increased neural progenitordominantly undergo asymmetric cell division to gener-
ate one daughter progenitor and one differentiated cell proliferation, delayed cell cycle exit, increased apo-
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ptosis of neural progenitors, and reduced neuronal dif- studies whether the interaction of Numb with Notch or
ferentiation during the second phase of neurogenesis other proteins, such as Itch and-adaptin in the ubiquiti-
(this study). nation-endocytic pathway, is involved in the differentia-
What might be the explanation for these apparently tion of progenitors during neurogenesis.
different mutant phenotypes? One possibility is that A second but not mutually exclusive possibility is that
neural progenitors at different stages of development cell non-autonomous effects indirectly contribute to
have different functional requirement for Numb and the apparently different behavior of progenitors in our
Numblike. Although neural progenitors in early neuro- Emx1IREScre conditioned knockout mice. For example, one
genesis dwindle upon the removal of Numb and Numb- may envision that the differentiating neurons may exert
like via Nestin-Cre (Petersen et al., 2002), neural pro- inhibitory effects over the proliferation of progenitor
genitor cells from the Emx1IREScre-mediated numb and cells during cortical neurogenesis. The overabundance
numblike double mutant proliferate more in vivo (Figure of neurons in Nestin-Cre conditioned knockout mice
4) and in vitro (Figure 7), exhibiting fewer P/N and N/N may further restrict progenitor proliferation, whereas the
divisions but more numerous P/P divisions in culture. sparsity of neurons in Emx1IREScre conditioned knockout
Both the in vivo and in vitro mutant phenotypes ob- mice may lead to excessive proliferation of progenitors.
served between E12.5 and E16.5 could be explained Although our in vitro pair-cell analysis of neural progeni-
by supposing that Numb and Numblike control neural tors from Emx1IREScre conditioned knockout mutants re-
progenitor cell number by limiting the extent of prolifera- veals an increase of divisions that produce more progen-
tion and may be required for neuronal differentiation in itors and thus suggesting a direct role of Numb and
the second phase of neurogenesis. It is also worth noting Numblike in restricting symmetric divisions that expand
here that potential variability in Cre activation and Numb progenitors at E13.5 and E14.5, we cannot rule out the
perdurance in different cells could be one factor that second possibility of indirect effect of Numb and Numb-
contributes to the range of mutant phenotypes ob- like on neural progenitor cell behavior.
served.
If nb and nbl genes act differently in different neural Numb and Numblike Are Essential Regulators
progenitor cells, what might be the mechanism? In verte- for Cortical Morphogenesis
brates, there are different isoforms of Numb with differ- Cortical morphogenesis is a concerted process requir-
ent temporal expression and different functions, with ing precise control of neural progenitor cell proliferation,
Numb-PRRS promoting neuronal differentiation and differentiation, and apoptosis. Our study suggests that
Numb-PRRL promoting proliferation (Verdi et al., 1999). Numb and Numblike play essential roles in this process.
Numb has a number of potential interaction partners, In the cortex of the double mutant, there was no dis-
including Notch, MDM2, Esp15, NAK, -adaptin, Lux2, cernable cortical laminar organization. Rather, there
Siah-1, APP and LNX, and E3 ligase Itch; and Numblike were cellular clusters within the cortex, near the pial or
binds to both APP and GRIP-1 (Guo et al., 1996; Zhong ventricular surface, suggesting that there were profound
et al., 1996; Frise et al., 1996; Spana and Doe, 1996; developmental defects. Indeed, developmental abnor-
Chien et al., 1998; Salcini et al., 1997; Santolini et al.,
malities can be traced all the way back to E10.5 before
2000; Berdnik et al., 2002; Roncarati et al., 2002; Dho
the second phase of neurogenesis. We consistently ob-
et al., 1999; Nie et al., 2002; McGill and McGlade, 2003;
served an undulated and folded neuroepithelium be-
Ye et al., 2000). Given that one known function of Numb
tween E10.5 and E15.5. Moreover, massive neurogenicis to inhibit Notch activity in postmitotic vertebrate neu-
cellular rosettes appeared in the cortex of double mu-rons as revealed by in vitro cell culture (Berezovska et
tants. Most likely, the convoluted neuroepithelium andal., 1999; Sestan et al., 1999), it is worth noting that the
later cortical disorganization are due to a combinationundulating neuroepithelium and thickening of targeted
of neural progenitor cell overproliferation, delayed cellcortex reported in this study are similar to the convo-
cycle exit, impaired neuronal differentiation, and conse-luted cortical neuroepithelium due to overexpression of
quently, potential loss of feedback inhibition of prolifera-activated Notch3 (Lardelli et al., 1996). Overexpression
tion and disrupted integrity of neuroepithelium. Hyper-of an activated form of the intracellular domain of Xeno-
proliferation of neural progenitor cells per se, however,pus Notch caused the expansion and disorganization
does not necessarily lead to such massive disorganiza-of the Xenopus brain (Coffman et al., 1993), and overex-
tion. For example, hyperproliferation of neural progeni-pression of transcription factors Hes1 and Hes5 that
tor cells caused by transgenic overexpression of a stabi-mediate Notch signaling increased neural progenitor cell
lized form of -catenin (Chenn and Walsh, 2002) or dueproliferation, retained progenitor cells in the apical sur-
to defects in tumor suppressor and apoptosis genes offace, and inhibited neuronal differentiation in the mouse
neural progenitors results in overgrown cortex, but thebrain (Ohtsuka et al., 2001). These results led to the
cortical laminar structure and neuronal differentiation/proposal that activated Notch signaling keeps neural
neuronal position remains largely undisturbed (Fergu-progenitor cells uncommitted and undifferentiated
son et al., 2002; Fero, et al., 1996; Yoshida et al., 1998;(Coffman et al., 1993; Chitnis et al., 1995; Lardelli et al.,
Kuida et al., 1998; Nakayama et al., 1996; Cecconi et al.,1996; Ohtsuka et al., 2001). Furthermore, it has been
1998; Hakem et al., 1998; Yang et al., 2000). Compared toshown that Numb recruits E3 ligase Itch to promote the
these models of brain malformation, loss of Numb andubiquitination of Notch1 for its degradation in cell culture
Numblike function caused not only overproliferation of(McGill and McGlade, 2003). It is possible that Notch
neural progenitor cells and impaired neuronal differenti-ubiquitination and degradation is reduced in the double
ation but also massive invagination and formation ofmutant, leading to the hyperactivation of Notch signaling
pathway. It would be of interest to determine in future rosettes, possibly due to a combined effect of progenitor
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Mitotic Index, Cell Cycle Exit Index, and Neuronalcell overproliferation, apoptosis, and defects in neuronal
Differentiation Indexdifferentiation, migration, and cell adhesion, reminiscent
To obtain mitotic index and neuronal differentiation index (NDI),of the phenotype in chicken brain due to N-cadherin
sections (7 or 10 m) were stained with antibody for phosphorylated
blocking antibody and in the neural tube of zebrafish Histone H3/NeuN counterstained with nuclei marker propidium io-
N-cadherin mutant (Ganzler-Odenthal and Redies, 1998; dide. Images (40) were taken using Leica confocal microscopy.
Antibody-positive cells and total cell number were counted andLele et al., 2002). One consequence is the displacement
processed using Adobe Photoshop and Scion image. Mitotic indexof CR cells that could further compromise the develop-
was calculated by H3-positive cells divided by total cells per 40ment of cortical architecture. Our studies thus uncover
optical view of each section. NDI was calculated by dividinga novel functional requirement of Numb and Numblike
NeuN-positive cells with total cells of entire mutant or corresponding
for cortical morphogenesis. wild-type region. A total of five consecutive sections from the mutant
region and the equivalent region of a wild-type littermate were
counted. The cell cycle exit index was calculated according toMouse Numb/Numblike and Cortical Dysplasia
Chenn and Walsh (2002). Statistical analyses were done using Mi-
Brain malformations, often associated with cognitive or crosoft Excel.
neurological disorders, including seizures, may be pres-
ent in more than 1% of the general population (reviewed Antibodies and Immunohistochemistry
by Walsh, 1999). Significant progress has been made in Tuj1 was used at 1:500 (Convance); Anti-Nestin (Rat-401) and RC2
identifying genes that play important roles in neuronal supernants were used at 1:1 (Hybridoma Bank). Anti-NeuN was used
at 1:100 (Chemicon). BrdU monoclonal antibody was used at 1:200migration, from genetic studies of human diseases such
(Molecular probes). Rabbit polyclonal antibody against mouseas lissencephalies and periventricular heterotopia (Walsh,
Numb was used at 1:1000. Rabbit polyclonal antibody ER81 was1999) and animal model studies such as reeler mice (Hat-
used at 1:1000 (gift of Tom Jessell). Mouse monoclonal antibody
ten, 1999), p35 and 1-integrin deficient mice (Chae et against OTX1 was used at 1:2 (gift of Sue McConnell). Secondary
al., 1997; Graus-Porta et al., 2001). However, cortical and tertiary antibodies conjugated with Cy2 and Cy3 were pur-
dysplasia includes a wide spectrum of extremely varied chased from Molecular Probes.
Embryos were processed for immunostaining according to thestructural alterations and could in principle be caused
manufacturer’s instruction for individual antibody described above.by abnormalities in any of the developmental processes
during neurogenesis (Walsh, 1999). The most profound
In Situ Hybridizationanatomical phenotypes observed in the adult cortex of
RNA in situ probe synthesis was performed according to the manu-numb and numblike double knockout mice were cortical
facturer’s instruction (Roche Biosciences). In situ hybridization was
dysplasia accompanied by cellular heterotopia, no iden- carried out according to Schaeren-Wiemers and Gerfin-Moser
tifiable corpus callosum, and deformed hippocampus. (1993).
The striking cortical disorganization in the adult was
partly caused by neural progenitor cell overproliferation Measurement of Cortical Volume
and impaired differentiation, indicating that defects in Serial sections of brain were performed and Nissl stained. Images
were obtained by Spot Camera and processed by Adobe Pho-cortical laminar formation could arise from primary le-
toshop. The area was measured using Scion image software. A totalsions in processes other than neuronal migration. To
of ten consecutive sections were measured. Volume is calculatedour knowledge, these mice lacking Numb and Numblike
by the following formula: area (m2) thickness (m) of section 10.
are the first viable animal model for cortical malforma-
tions due to aberrant neurogenesis and a potential small
Clonal Proliferation Assay and Pair-Cell Analysis
animal model for neurological diseases. BrdU labeling and immunostaning and pair-cell analysis were done
according to Shen et al. (2002). Briefly, timed pregnant mice were
Experimental Procedures used as the source for E13.5 and E14.5 embryos. Caudodorsal cor-
tex from both mutant and wild-type littermates were dissected out
Mouse and Mouse Embryos (Figure 7Aa) and incubated in 10 units/ml activated papain and 32
The generation of floxed-numb mice has been published (Zhong et g/ml DNase in DMEM for 30 min at room temperature. Tissues
al., 2000). The generation of numblike was briefly described pre- were washed three times with DMEM and triturated into a single-
viously (Petersen et al., 2002). Double mutant mice and embryos in cell suspension with a fire-polished glass Pasteur pipette. Single
CD1 background were obtained by crossing mice of double homozy- cells were then plated at clonal density (30–40 cells/well) into poly-
gous floxed-numb and heterozygous numblike with Cre or without L-lysine-coated 60-wells Teresaki plates in serum-free medium
Cre. Three or four mutant embryos and control littermates were (DMEM with L-glutamine, sodium pyruvate, B-27, N2, 1 mM N-ace-
used for each experiment. tyl-cysteine, and 10 ng/ml bFGF). Plated cells were incubated at
35	C, 6% CO2, and 100% humidity. Pair-cells were identified at 16
hr, and BrdU (10 g/ml) was added for additional 8 hr. Cells wereBrdU and TUNEL Labeling
washed and fixed with 4% PFA, stained with BrdU antibody orPregnant mice were injected with 100 ug/g body weight (Sigma,
double-stained with neural progenitor marker LeX antibody and neu-BrdU/PBS). Embryos were fixed with either 4% paraformaldehyde/
ronal marker -tubulin III antibody (Sigma).PBS or Conroy’s fixative (60% methanol; 30% chloroform; 10%
acetic acid), embedded in paraffin, and sectioned at 7 m. BrdU
detection and TUNEL labeling was performed according to the man- Acknowledgments
ufacturer’s manual (Roche Biosciences). Images (40) were taken
using Leica confocal microcopy and processed with Adobe Pho- We thank Lou Reichardt, John Rubenstein, Yi Rao, and Jan lab
members for critical reading and discussion of this manuscript; Tomtoshop. BrdU and TUNEL cells were counted against nuclei stain-
ing with propidium iodide (Molecular Probe) using Adobe Photoshop Jessell for providing the ER81 antibody; Sue McConnell for Otx1
antibody; Tom Curran for a plasmid for Reelin RNA in situ probe;and Scion image (NIH image PC version). The BrdU labeling index
(30 min) and apoptosis index were calculated by total positive cells Ryoichiro Kageyama for Hes1 and Hes5 RNA in situ probes; Bruce
Cohen for helping to synthesize Numb peptides; Anjen Chenn fordivided by total cells from five consecutive sections (40 optical
view) of mutant cortical regions. Statistical analyses were done us- advice on Ki67 and BrdU double staining; and the Reichardt lab for
generously sharing equipment. H.-S.L. is supported by NIH postdoc-ing Microsoft Excel.
Role of Numb and Numblike in Cortical Neurogenesis
1117
toral fellowship (NRSA); L.Y.J. and Y.N.J. are investigators of the Y.N. (1996). The Drosophila Numb protein inhibits signaling of the
Notch receptor during cell-cell interaction in sensory organ lineage.Howard Hughes Medical Institute.
Proc. Natl. Acad. Sci. USA 93, 11925–11932.
Received: March 25, 2003 Ganzler-Odenthal, S.I., and Redies, C. (1998). Blocking N-cadherin
Revised: August 18, 2003 function disrupts the epithelial structure of differentiating neural
Accepted: October 30, 2003 tissue in the embryonic chicken brain. J. Neurosci. 18, 5415–5425.
Published: December 17, 2003 Gorski, J.A., Talley, T., Qiu, M., Puelles, L., Rubenstein, J.L., and
Jones, K.R. (2002). Cortical excitatory neurons and glia, but not
References GABAergic neurons, are produced in the Emx1-expressing lineage.
J. Neurosci. 22, 6309–6314.
Anderson, D.J. (2001). Stem cells and pattern formation in the ner- Graus-Porta, D., Blaess, S., Senften, M., Littlewood-Evans, A., Dam-
vous system: the possible versus the actual. Neuron 30, 19–35. sky, C., Huang, Z., Orban, P., Klein, R., Schittny, J.C., and Muller,
Bayer, S.A., and Altman, J. (1991). Neocortical Development (New U. (2001). Beta1-class integrins regulate the development of laminae
York: Raven Press). and folia in the cerebral and cerebellar cortex. Neuron 31, 367–379.
Berdnik, D., Torok, T., Gonzalez-Gaitan, M., and Knoblich, J. (2002). Guo, M., Jan, L.Y., and Jan, Y.N. (1996). Control of daughter cell
The endocytic protein alpha-Adaptin is required for numb-mediated fates during asymmetric division: interaction of Numb and Notch.
asymmetric cell division in Drosophila. Dev. Cell 3, 221–231. Neuron 17, 27–41.
Berezovska, O., McLean, P., Knowles, R., Frosh, M., Lu, F.M., Lux, Hakem, R., Hakem, A., Duncan, G.S., Henderson, J.T., Woo, M.,
S.E., and Hyman, B.T. (1999). Notch1 inhibits neurite outgrowth in Soengas, M.S., Elia, A., de la Pompa, J.L., Kagi, D., Khoo, W., et al.
postmitotic primary neurons. Neuroscience 93, 433–439. (1998). Differential requirement for caspase 9 in apoptotic pathways
in vivo. Cell 94, 339–352.Capela, A., and Temple, S. (2002). LeX/ssea-1 is expressed by adult
mouse CNS stem cells, identifying them as nonependymal. Neuron Hatten, M.E. (1999). Central nervous system neuronal migration.
35, 865–875. Annu. Rev. Neurosci. 22, 511–539.
Carmena, A., Murugasu-Oei, B., Menon, D., Jimenez, F., and Chia, Knoblich, J.A., Jan, L.Y., and Jan, Y.N. (1995). Asymmetric segrega-
W. (1998). Inscuteable and numb mediate asymmetric muscle pro- tion of Numb and Prospero during cell division. Nature 377, 624–627.
genitor cell divisions during Drosophila myogenesis. Genes Dev. Kuida, K., Haydar, T.F., Kuan, C.Y., Gu, Y., Taya, C., Karasuyama,
12, 304–315. H., Su, M.S., Rakic, P., and Flavell, R.A. (1998). Reduced apoptosis
Cayouette, M., Whitmore, A.V., Jeffery, G., and Raff, M. (2001). Asym- and cytochrome c-mediated caspase activation in mice lacking cas-
metric segregation of Numb in retinal development and the influence pase 9. Cell 94, 325–337.
of the pigmented epithelium. J. Neurosci. 21, 5643–5651. Lardelli, M.W.R., Mitsiadis, T., and Lendahl, U. (1996). Expression
of the Notch 3 intracellular domain in mouse central nervous systemCecconi, F., Alvarez-Bolado, G., Meyer, B.I., Roth, K.A., and Gruss,
progenitor cells is lethal and leads to disturbed neural tube develop-P. (1998). Apaf1 (CED-4 homolog) regulates programmed cell death
ment. Mech. Dev. 59, 177–190.in mammalian development. Cell 94, 727–737.
Lele, Z., Folchert, A., Concha, M., Rauch, G.J., Geisler, R., Rosa, F.,Chae, T., Kwon, Y.T., Bronson, R., Dikkes, P., Li, E., and Tsai, L.H.
Wilson, S.W., Hammerschmidt, M., and Bally-Cuif, L. (2002). para-(1997). Mice lacking p35, a neuronal specific activator of Cdk5,
chute/n-cadherin is required for morphogenesis and maintained in-display cortical lamination defects, seizures, and adult lethality. Neu-
tegrity of the zebrafish neural tube. Development 129, 3281–3294.ron 18, 29–42.
Lin, J.H., Saito, T., Anderson, D.J., Lance-Jones, C., Jessell, T.M.,Chenn, A., and Walsh, C.A. (2002). Regulation of cerebral cortical
and Arber, S. (1998). Functionally related motor neuron pool andsize by control of cell cycle exit in neural precursors. Science
muscle sensory afferent subtypes defined by coordinate ETS gene297, 365–369.
expression. Cell 95, 393–407.Chien, C.T., Wang, S., Rothenberg, M., Jan, L.Y., and Jan, Y.N.
McConnell, S.K. (1995). Constructing the cerebral cortex: neurogen-(1998). Numb-associated kinase interacts with the phosphotyrosine
esis and fate determination. Neuron 15, 761–768.binding domain of Numb and antagonizes the function of Numb in
vivo. Mol. Cell. Biol. 18, 598–607. McGill, M.A., and McGlade, C.J. (2003). Mammalian Numb proteins
promote Notch1 receptor ubiquitination and degradation of theChitnis, A., Henrique, D., Lewis, J., Ish-Horowicz, D., and Kintner,
Notch1 intracellular domain. J. Biol. Chem. 278, 23196–23203.C. (1995). Primary neurogenesis in Xenopus embryos regulated by
a homologue of the Drosophila neurogenic gene Delta. Nature Nakayama, K., Ishida, N., Shirane, M., Inomata, A., Inoue, T., Shi-
375, 761–766. shido, N., Horii, I., Loh, D.Y., and Nakayama, K. (1996). Mice lacking
p27(Kip1) display increased body size, multiple organ hyperplasia,Coffman, C.R., Skoglund, P., Harris, W.A., and Kintner, C.R. (1993).
retinal dysplasia, and pituitary tumors. Cell 85, 707–720.Expression of an extracellular deletion of Xotch diverts cell fate in
Xenopus embryos. Cell 73, 659–671. Nie, J., McGill, M.A., Dermer, M., Dho, S.E., Wolting, C.D., and
McGlade, C.J. (2002). LNX functions as a RING type E3 ubiquitinDho, S.E., French, M.B., Woods, S.A., and McGlade, C.J. (1999).
ligase that targets the cell fate determinant Numb for ubiquitin-Characterization of four mammalian Numb protein isoforms. Identifi-
dependent degradation. EMBO J. 21, 93–102.cation of cytoplasmic and membrane-associated variants of the
phosphotyrosine binding domain. J. Biol. Chem. 274, 33097–33104. Ohtsuka, T., Sakamoto, M., Guillemot, F., and Kageyama, R. (2001).
Roles of the basic helix-loop-helix genes Hes1 and Hes5 in expan-Ferguson, K.L., Vanderluit, J.L., Hebert, J.M., McIntosh, W.C., Tibbo,
sion of neural stem cells of the developing brain. J. Biol. Chem.E., MacLaurin, J.G., Park, D.S., Wallace, V.A., Vooijs, M., McConnell,
276, 30467–30474.S.K., and Slack, R.S. (2002). Telencephalon-specific Rb knockouts
reveal enhanced neurogenesis, survival and abnormal cortical de- Petersen, P.H., Zou, K., Hwang, J.K., Jan, Y.N., and Zhong, W. (2002).
velopment. EMBO J. 21, 3337–3346. Progenitor cell maintenance requires Numb and Numblike during
mouse neurogenesis. Nature 419, 929–934.Fero, M.L., Rivkin, M., Tasch, M., Porter, P., Carow, C.E., Firpo, E.,
Polyak, K., Tsai, L.H., Broudy, V., Perlmutter, R.M., et al. (1996). Qian, X., Goderie, S.K., Shen, Q., Stern, J.H., and Temple, S. (1997).
A syndrome of multiorgan hyperplasia with features of gigantism, Intrinsic programs of patterned cell lineages in isolated vertebrate
tumorigenesis, and female sterility in p27(Kip1)-deficient mice. Cell CNS ventricular zone cells. Development 125, 3143–3152.
85, 733–744. Qian, X., Shen, Q., Goderie, S.K., He, W., Capela, A., Davis, A.A.,
Frantz, G.D., Weimann, J.M., Levin, M.E., and McConnell, S.K. and Temple, S. (2000). Timing of CNS cell generation: a programmed
(1994). Otx1 and Otx2 define layers and regions in developing cere- sequence of neuron and glial cell production from isolated murine
bral cortex and cerebellum. J. Neurosci. 14, 5725–5740. cortical stem cells. Neuron 28, 69–80.
Rhyu, M.S., Jan, L.Y., and Jan, Y.N. (1994). Asymmetric distributionFrise, E., Knoblich, J.A., Younger-Shepherd, S., Jan, L.Y., and Jan,
Neuron
1118
of Numb protein during division of the sensory organ precursor cell mitochondrial pathways of apoptosis and brain development. Cell
94, 939–950.confers distinct fates to daughter cells. Cell 76, 477–491.
Zhong, W., Feder, J.N., Jiang, M.M., Jan, L.Y., and Jan, Y.N. (1996).Roncarati, R., Sestan, N., Scheinfeld, M.H., Berechid, B.E., Lopez,
Asymmetric localization of a mammalian Numb homolog duringP.A., Meucci, O., McGlade, J.C., Rakic, P., and D’Adamio, L. (2002).
mouse cortical neurogenesis. Neuron 17, 43–53.The gamma-secretase-generated intracellular domain of beta-amy-
loid precursor protein binds Numb and inhibits Notch signaling. Zhong, W., Jiang, M.M., Weinmaster, G., Jan, L.Y., and Jan, Y.N.
Proc. Natl. Acad. Sci. USA 99, 7102–7107. (1997). Differential expression of mammalian Numb, Numblike and
Notch1 suggests distinct roles during mouse cortical neurogenesis.Ruiz Gomez, M., and Bate, M. (1997). Segregation of myogenic
Development 124, 1887–1897.lineages in Drosophila requires numb. Development 124, 4857–4866.
Zhong, W., Jiang, M.M., Schonemann, M.D., Meneses, J.J., Ped-Salcini, A.E., Confalonieri, S., Doria, M., Santolini, E., Tassi, E., Mi-
ersen, R.A., Jan, L.Y., and Jan, Y.N. (2000). Mouse Numb is annenkova, O., Cesareni, G., Pelicci, P.G., and Di Fiore, P.P. (1997).
essential gene involved in cortical neurogenesis. Proc. Natl. Acad.Binding specificity and in vivo targets of the EH domain, a novel
Sci. USA 97, 6844–6849.protein-protein interaction module. Genes Dev. 11, 2239–2249.
Zilian, O., Saner, C., Hagedorn, L., Lee, H.Y., Sauberli, E., Suter, U.,Santolini, E., Puri, C., Salcini, A.E., Gagliani, M.C., Pelicci, P.G.,
Sommer, L., and Aguet, M. (2001). Multiple roles of mouse Numb inTacchetti, C., and Di Fiore, P.P. (2000). Numb is an endocytic protein.
tuning developmental cell fates. Curr. Biol. 11, 494–501.J. Cell Biol. 151, 1345–1352.
Schaeren-Wiemers, N., and Gerfin-Moser, A. (1993). A single proto-
col to detect transcripts of various types and expression levels in
neural tissue and cultured cells: in situ hybridization using digoxi-
genin-labelled cRNA probes. Histochemistry 100, 431–440.
Sestan, N., Artavanis-Tsakonas, S., and Rakic, P. (1999). Contact-
dependent inhibition of cortical neurite growth mediated by notch
signaling. Science 286, 741–746.
Shen, Q., Zhong, W., Jan, Y.N., and Temple, S. (2002). Asymmetric
Numb distribution is critical for asymmetric cell division of mouse
cerebral cortical stem cells and neuroblasts. Development 129,
4843–4853.
Spana, E.P., and Doe, C.Q. (1996). Numb antagonizes Notch signal-
ing to specify sibling neuron cell fates. Neuron 17, 21–26.
Spana, E.P., Kopczynski, C., Goodman, C.S., and Doe, C.Q. (1995).
Asymmetric localization of Numb autonomously determines sibling
neuron identity in the Drosophila CNS. Development 121, 3489–
3494.
Takahashi, T., Goto, T., Miyama, S., Nowakowski, R.S., and Cavi-
ness, V.S., Jr. (1999). Sequence of neuron origin and neocortical
laminar fate: relation to cell cycle of origin in the developing murine
cerebral wall. J. Neurosci. 19, 10357–10371.
Temple, S. (2001). The development of neural stem cells. Nature
414, 112–117.
Uemura, T., Shepherd, S., Ackerman, L., Jan, L.Y., and Jan, Y.N.
(1989). Numb, a gene required in determination of cell fate during
sensory organ formation in Drosophila embryos. Cell 58, 349–360.
Verdi, J.M., Schmandt, R., Bashirullah, A., Jacob, S., Salvino, R.,
Craig, C.G., Program, A.E., Lipshitz, H.D., and McGlade, C.J. (1996).
Mammalian NUMB is an evolutionarily conserved signaling adapter
protein that specifies cell fate. Curr. Biol. 6, 1134–1145.
Verdi, J.M., Bashirullah, A., Goldhawk, D.E., Kubu, C.J., Jamali, M.,
Meakin, S.O., and Lipshitz, H.D. (1999). Distinct human NUMB iso-
forms regulate differentiation vs. proliferation in the neuronal lin-
eage. Proc. Natl. Acad. Sci. USA 96, 10472–10476.
Wakamatsu, Y., Maynard, T.M., Jones, S.U., and Weston, J.A. (1999).
NUMB localizes in the basal cortex of mitotic avian neuroepithelial
cells and modulates neuronal differentiation by binding to NOTCH-1.
Neuron 23, 71–81.
Walsh, C.A. (1999). Genetic malformations of the human cerebral
cortex. Neuron 23, 19–29.
Xu, B., Zang, K., Ruff, N.L., Zhang, Y.A., McConnell, S.K., Stryker,
M.P., and Reichardt, L.F. (2000). Cortical degeneration in the ab-
sence of neurotrophin signaling: dendritic retraction and neuronal
loss after removal of the receptor TrkB. Neuron 26, 233–245.
Yang, A., Walker, N., Bronson, R., Kaghad, M., Oosterwegel, M.,
Bonnin, J., Vagner, C., Bonnet, H., Dikkes, P., Sharpe, A., et al. (2000).
p73-deficient mice have neurological, pheromonal and inflammatory
defects but lack spontaneous tumors. Nature 404, 99–103.
Ye, B., Liao, D., Zhang, X., Zhang, P., Dong, H., and Huganir, R.L.
(2000). GRASP-1: a neuronal RasGEF associated with the AMPA
receptor/GRIP complex. Neuron 26, 603–617.
Yoshida, H., Kong, Y.Y., Yoshida, R., Elia, A.J., Hakem, A., Hakem,
R., Penninger, J.M., and Mak, T.W. (1998). Apaf1 is required for
